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The purpose of this study was the enrichment and phylogenetic identification of bacteria that dechlorinate
4,5,6,7-tetrachlorophthalide (commercially designated “fthalide”), an effective fungicide for rice blast disease.
Sequential transfer culture of a paddy soil with lactate and fthalide produced a soil-free enrichment culture
(designated the “KFL culture”) that dechlorinated fthalide by using hydrogen, which is produced from lactate.
Phylogenetic analysis based on 16S rRNA genes revealed the dominance of two novel phylotypes of the genus
Dehalobacter (FTH1 and FTH2) in the KFL culture. FTH1 and FTH2 disappeared during culture transfer in
medium without fthalide and increased in abundance with the dechlorination of fthalide, indicating their
growth dependence on the dechlorination of fthalide. Dehalobacter restrictus TEA is their closest relative, with
97.5% and 97.3% 16S rRNA gene similarities to FTH1 and FTH2, respectively.

4,5,6,7-Tetrachlorophthalide (commercially designated “ftha-
lide”) is an effective fungicide for rice blast disease, which
inhibits melanin biosynthesis and the formation of the mature
appressorial cells of the rice blast pathogen on the host plant
(5, 16). Fthalide has been reported to be reductively dechlori-
nated in soil (16) and compost (28), although its fates in paddy
soil and the fthalide-dechlorinating bacteria are unknown. Be-
sides fthalide, polychlorinated aromatic compounds are known
to be reductively dechlorinated by the bacteria of several phyla.
Six strains of Desulfitobacterium spp. of the phylum Firmicutes
(2, 3, 6, 10, 23, 29) and Desulfomonile tiedjei DCB-1 of the
phylum Proteobacteria (21) can dechlorinate polychlorinated
phenols. Three strains of the phylum Chloroflexi can dechlori-
nate a variety of compounds, including polychlorinated phe-
nols, benzenes, biphenyls, or dibenzo-p-dioxins: Dehalococ-
coides ethenogenes 195 (9, 19), Dehalococcoides sp. strain
CBDB1 (1, 4), and strain DF-1 of Chloroflexi, collectively
called the “o-17/DF-1 group” (18). Dehalococcoides spp. utilize
hydrogen as an electron donor and acetate as a carbon source
for growth coupled to the reductive dechlorination of chlori-
nated compounds (1, 12, 13, 19, 26). In contrast, Desulfitobac-
terium spp. can dechlorinate chlorinated compounds not only
with hydrogen, but also organic acids, such as formate, pyru-
vate, lactate, or butyrate (3, 10, 23). Strain DF-1 can utilize
hydrogen and formate for the dechlorination of polychlori-
nated biphenyls (PCBs) (18).

In this study, bacteria that dechlorinate fthalide were en-
riched from a paddy soil with sequentially transferred cultures
using a soil-free medium supplemented with single organic
acids. Acetate, formate, lactate, and butyrate were used in this
study because they are frequently used in the enrichment of
dechlorinators and release hydrogen at different concentra-
tions (8, 11, 14). Fthalide-dechlorinating bacteria in the en-
riched culture were phylogenetically identified based on the

16S rRNA gene with PCR-denaturing gradient gel electro-
phoresis (DGGE), a 16S rRNA gene clone library, and quan-
titative real-time PCR (qPCR).

MATERIALS AND METHODS

Chemicals. Fthalide was purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan); 4,5,6-trichlorophthalide (4,5,6-TCPH), 4,5,7-trichlorophthalide
(4,5,7-TCPH), 4,7-dichlorophthalide (4,7-DCPH), 4,6-dichlorophthalide (4,6-
DCPH), and 4-chlorophthalide (4-MCPH) were gifts from Kureha Corp. (To-
kyo, Japan).

Enrichment of fthalide-dechlorinating bacteria. The paddy soil sample used as
the inoculum was obtained from the ploughed layer of a paddy field located at
Yatomi-cho in Aichi Prefecture, Japan, as described previously (36). Aliquots
(200 �l) of 5 mM fthalide dissolved in acetone were put into dry sterilized glass
vials (60 ml capacity) and crystallized by vacuum aspiration. Paddy soil samples
(10 g wet weight) were placed in the glass vials, which were filled with 10 ml of
distilled water containing 1 mg liter�1 resazurin. The samples were sparged with
nitrogen gas for 15 min, neutralized to pH 7.0 with HCl, and sparged again with
nitrogen gas for 15 min. The vials were closed with Teflon-coated butyl rubber
caps and incubated at 30°C. Acetate, formate, lactate, or butyrate (each 20 mM)
was added to the culture as the electron donor and carbon source. After incu-
bation for 1 month, 500-�l aliquots of the incubated samples were transferred to
10 ml of a defined medium, designated “FTH medium,” which contained the fol-
lowing components (per liter): 1 g NaCl; 0.5 g KCl; 0.5 g NH4Cl; 0.1 g CaCl2 ·
2H2O; 0.1 g MgCl2 · 6H2O; 0.2 g KH2PO4; 1 ml of 1 mg liter�1 resazurin
solution; 1 ml of trace element solution SL10 (31); 10 ml of vitamin solution (15);
1 ml of Se/W solution (31); 10 ml of titanium(III) trinitriloacetic acid solution
containing 25 mM titanium(III) and 100 mM trinitriloacetic acid (20); 10 ml of
0.2 mmol liter�1 FeS solution (7); 20 mM MOPS (morpholinepropanesulfonic
acid) buffer (pH 7.2); and 20 mM each acetate, formate, lactate, and butyrate.
Yeast extract (0.01% to 0.0001%) was added to the transferred culture in de-
creasing concentrations until the 10th transfer. The transferred cultures were
incubated for 10 to 15 days, and 5% of the culture was transferred when more
than 90% of the fthalide was reduced. The enrichment culture supplemented
with lactate, designated the “KFL culture,” was used in the following experi-
ments. The 12th transferred KFL culture was also incubated in 100 ml in a large
glass vial (600-ml capacity) to monitor the metabolites of lactate and fthalide and
the biomass over time.

Effects of e� donors, e� acceptors, and inhibitory treatments on KFL culture.
The effects of different electron donors were examined in serially diluted cultures
of the 11th transferred KFL culture. The KFL culture was cultured with 20 mM
pyruvate, 20 mM acetate, 100% H2 (headspace) plus 10 mM acetate, or 80% H2

plus 20% CO2 (headspace) instead of lactate. Peptone (0.01%) was also added
in some cases. SO4

2�, NO3
�, or Fe(III) (each 10 mmol liter�1) was added to the

medium as a 1% (vol/vol) concentration of 1 mol liter�1 stock solution. Fe(III)
was added as Fe(OH)3, which was prepared as described previously (17). The
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effects of the following inhibitors on the dechlorination of fthalide were evalu-
ated in the 11th transferred KFL culture: 50 mg liter�1 chloramphenicol, 50 mg
liter�1 vancomycin, 5 mM bromoethanesulfonate (BES), or 10 mM sodium
molybdate. The 11th transferred KFL cultures were occasionally steam sterilized
at 121°C for 15 min or incubated at 80°C for 30 min before incubation.

Analytical procedures. Fthalide and its metabolites were identified and quan-
tified with a gas chromatography-mass spectrometry (GC-MS) system (Shi-
madzu, Kyoto, Japan) equipped with a DB-5MS column (J&W Scientific, Fol-
som, CA). In the sample preparation for GC-MS, 1-ml samples of the cultures
were mixed with an equal volume of acetonitrile and then separated by mixing
with 1 ml of ethyl acetate. The organic solvent phase was recovered and dehy-
drated by the addition of 1 g of anhydrous sodium sulfate. The extraction
efficiencies for chlorinated phthalides using this procedure were in the range of
95% to 98%. An aliquot (2 �l) of the extract was injected manually into the
GC-MS system with splitless injection. Helium was used as the carrier gas at a
flow rate of 1.0 ml min�1. The injection and interface temperatures were main-
tained at 280°C and 320°C, respectively. The column temperature was initially set
at 140°C for 0.25 min and then increased at a rate of 10°C min�1 to 320°C, where
it was maintained for 3 min. The electron impact ionization mode was set at 70
eV. Chlorophthalides were identified in full-scan mode (m/z 50 to 400), and were
quantified in selected ion mode (m/z 104, 139, 173, 207, and 243). Organic acids
(i.e., lactate and its metabolites) were analyzed by injection of 20-�l aliquots of
the filtered samples to a reversed-phase high-performance liquid chromatograph
(Shimadzu) equipped with an ODS column (L-column; CERI, Tokyo, Japan), as
described previously (36). The gaseous metabolites of lactate were analyzed with
a GC-14B gas chromatograph (Shimadzu) equipped with a thermal conductivity
detector and stainless-steel columns packed with Molecular Sieve 5A (GL-Sci-
ence, Tokyo, Japan) or active carbon (GL-Science), as described previously (36).

Total cell counts. The cells in culture were diluted with 0.20-�m filter-steril-
ized PBSE buffer and collected on a 0.22-�m polycarbonate black membrane
filter (Millipore). Cells were stained with ProLong Gold antifade reagent with
DAPI (4�,6-diamidino-2-phenylindole) special packaging (Molecular Probes,
Eugene, OR) and were observed under an epifluorescence microscope (Olym-
pus, Tokyo, Japan) equipped with a DP7 digital camera (Olympus). About 1,000
DAPI-stained cells from 10 fields per sample were counted using the WinROOF
program (Flovel Co., Tokyo, Japan).

DNA extraction. DNA was extracted from 10 ml of the microcosm and the
enriched culture by bead beating using the DNA extraction kit ISOIL for bead
beating (Nippon Gene Co., Tokyo, Japan), according to the manufacturer’s
instructions.

PCR-DGGE. PCR-DGGE and subsequent cloning of the major DGGE bands
were performed as described previously (36). For PCR-DGGE, bacterial 16S
rRNA gene fragments were amplified with primer 357f with a GC clamp at the
5� terminus and primer 517r (22). PCR was performed by preheating the mixture
to 94°C for 2 min, followed by 35 cycles of denaturation at 94°C for 30 s,
annealing at 50°C for 30 s, and extension at 72°C for 1 min. DGGE was per-
formed with the Bio-Rad DCode system (Bio-Rad Laboratories, Hercules, CA)
with polyacrylamide gel containing denaturant in the range from 40% to 60% at
100 V for 16 h in 0.5� Tris-acetate-EDTA buffer at 58°C. The major DGGE
fragments were excised from the gel and cloned with the pT7Blue perfectly blunt
cloning kit (Novagen, Madison, WI).

16S rRNA gene clone library and RFLP analysis. Nearly full-length 16S rRNA
gene fragments were PCR amplified with a pair of bacterial consensus primers,
27f and 1492r (30), from DNAs extracted from the 12th transferred KFL culture
incubated with and without fthalide. PCR was performed under the same ther-
mal cycling conditions used for PCR-DGGE, except with an annealing temper-
ature of 55°C and 30 cycles. The PCR products were cloned as described above.
The inserted regions were amplified from the plasmids by PCR using the T7
promoter forward primer and U19mer reverse primer. The PCR products (200
ng) were digested individually with 5 U each of endonucleases HhaI (Takara Bio,
Otsu, Japan), HaeIII (Takara Bio), and SspI (Takara Bio) for 1 h at 37°C. SspI
was used to distinguish the two phylotypes FTH1 and FTH2. The digested clones
were separated electrophoretically on 3% agarose gel and visualized with
ethidium bromide under UV illumination. The clones were categorized as phy-
lotypes on the basis of their distinct restriction fragment length polymorphisms
(RFLPs).

Sequencing and phylogenetic analysis. The DGGE clones and representative
clones with a unique RFLP pattern were sequenced with the BigDye terminator
v3.1 cycle sequencing kit (Applied Biosystems, Foster, CA) using an ABI 3100
DNA sequencer (Applied Biosystems). The DNA sequences were analyzed with
the Genetyx program version 7 (Software Development Co., Tokyo, Japan) and
aligned with 16S rRNA sequences obtained from the NCBI BLAST database
using the BLAST search program (http://www.ncbi.nlm.nih.gov/BLAST/).

PCR detection of Dehalococcoides spp. To check the presence of Dehalococ-
coides spp. in the KFL culture, the 16S rRNA gene fragments were PCR ampli-
fied using the primers DHC793f and DHC946r, which specifically amplify about
150 bp of the target region from the 16S rRNA genes of Dehalococcoides spp.
and the “o-17/DF-1 group” (34, 35). These have been modified from the primers
DHC 774 and DHC 946, respectively, designed previously for the detection of
Dehalococcoides spp. (24). As the positive control, we used a cloned 1,434-bp
amplicon of a 16S rRNA gene with 100% similarity to that of Dehalococcoides
ethenogenes strain 195, which was obtained from an enrichment culture that
dechlorinated 1,2-dichloroethane to ethene. The amplification of the positive
control for the “o-17/DF-1 group” was not tested because no adequate control
sample was available. PCR was performed using the thermal cycling program
used for PCR-DGGE.

qPCR. qPCR targeting FTH1 and FTH2, corresponding to fthalide-dechlori-
nating bacteria, was performed with DNAs extracted from the 12th transferred
KFL culture and the following specific primers. Two forward primers, Dhb455IF
(5�-CAAGCAATATTTTCACTTAAGC-3�) and Dhb456IIF (5�-CCAGTATGT
AAATAATGTACTG-3�), were specific for FTH1 and FTH2, respectively, and
were used in combination with the reverse primer Dhb645R (5�-CCTCTCCTG
TCCTCAAGACT-3�), which is modified from the primer Dre645R specific for
Dehalobacter sp., as reported previously (24). The bacterial universal primer set
357f and 517r was also used for the comparative amplification of the total
bacterial 16S rRNA genes (22). qPCR was performed with a LightCycler Fast-
Start DNA Master SYBR green I kit (Roche Molecular Biochemicals, India-
napolis, IN) and the LightCycler system (Roche Diagnostics, Mannheim, Ger-
many), as described previously (35). Calibration curves (log DNA concentration
versus an arbitrarily set cycle threshold value) for the estimation of the total and
specific bacterial 16S rRNA gene copy numbers were constructed using serial
dilutions of the amplicons of FTH1 and FTH2. The gene copy number of the
amplicon was calculated by multiplying the molar concentration of amplicon by
the Avogadro constant. The calibration curves were graphed and the copy num-
bers calculated with LightCycler software version 3.5 (Roche Diagnostics). The
populations of bacteria corresponding to FTH1 and FTH2 were estimated using
total cell counts, and the proportions of FTH1 and FTH2 in the total bacterial
16S rRNA genes were calculated by assuming that the copy number of the rRNA
gene per genome was 1.

Nucleotide sequence accession numbers. The nucleotide sequence data re-
ported in this paper have been deposited under DDBJ/EMBL/GenBank (http:
//www.ddbj.nig.ac.jp/Welcome-j.html) accession no. AB294740 to AB294749.

RESULTS

Enrichment of bacteria that dechlorinate fthalide. The
paddy soils incubated individually with acetate, formate, lac-
tate, or butyrate dechlorinated 50 mol liter�1 fthalide within 30
days, whereas the transferred cultures with acetate or butyrate
suddenly lost the capacity to dechlorinate fthalide after the
second transfer (data not shown). Although the enrichment
culture with formate lost its dechlorination activity in the 10th
transfer when not supplemented with yeast extract, the culture
with lactate maintained its activity for more than 12 sequential
transfers (data not shown). The enrichment culture with lac-
tate, designated the “KFL culture,” was used in subsequent
experiments.

Dechlorination of fthalide by KFL culture. The KFL culture
dechlorinated 100 �mol liter�1 fthalide to 4-MCPH within 10
days. The appearance of 4,6,7-TCPH, 4,7-DCPH, an uniden-
tified dichlorophthalide, and 4-MCPH corresponded to the
decrease in the concentration of fthalide in the KFL culture
(Fig. 1A). The unidentified dichlorophthalide appeared at re-
tention times different from those of the available standards
for 4,6-DCPH and 4,7-DCPH and was considered to be 4,5-
dichlorophthalide (4,5-DCPH), because it is the only dichlo-
rophthalide with chloride at the 4 position that differed from
4,7-DCPH and 4,6-DCPH. 4,5-DCPH was tentatively quanti-
fied in this study using the calibration curve for 4,7-DCPH.
4-MCPH was not dechlorinated, even after incubation for 3
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months. When the KFL culture was incubated with fthalide at
a much higher concentration, 600 �mol liter�1, 4,5,7-TCPH
appeared (data not shown), indicating two different pathways
of fthalide dechlorination to 4,6,7-TCPH or 4,5,7-TCPH. Pro-
pionate, acetate, H2, CO2, and CH4 were detected as the me-
tabolites of lactate (Fig. 1B and C). The total cell number in
the KFL culture, as measured by DAPI staining, increased
within 1 day from (1.7 � 0.5) � 107 to (2.5 � 0.9) � 108 cells
ml�1 during the transformation of lactate and then was rela-
tively stable at an order of magnitude of 108 cells ml�1, with
only minor changes during the dechlorination of fthalide (Fig.
1D). The possible dechlorination pathways of fthalide in the
KFL culture were determined, as shown in Fig. 2.

Effects of electron donors. The serially diluted KFL cultures
dechlorinated fthalide with 20 mM lactate and H2 at dilutions

of 10�5, whereas the activity was lost with 5 mM lactate, 20
mM acetate, 20 mM pyruvate, or 20 mM propionate at dilu-
tions of 10�1 or 10�2. The KFL culture dechlorinated fthalide
with H2 only in the presence of 0.01% peptone diluted 10�6,
whereas it did not dechlorinate fthalide with only 0.01% pep-
tone. Based on these results and the changes in the concen-
trations of lactate and its metabolites (Fig. 1), the reactions
that transformed lactate, fthalide, and their metabolites are ex-
pected to be as follows (27): (i) 3 lactate� 3 2 propionate� �
acetate� � HCO3

� � H�, �G°� � �165 kJ reaction�1 (pH
7.0); (ii) lactate� � 2H2O3 acetate� � HCO3

� � H� � 2H2,
�G°� � �4.2 kJ reaction�1 (pH 7.0); (iii) fthalide � 3H2 3
4-CPH � 3H� � 3Cl�, with �G°� of chlorophthalides not
available; (iv) 4H2 � HCO3

� � H�3 CH4 � 3H2O, �G°� �
�136 kJ reaction�1 (pH 7.0); and (v) acetate� � H2O 3
HCO3

� � CH4, �G°� � �31.0 kJ reaction�1 (pH 7.0).
Effects of inhibitory treatments. The dechlorination of ftha-

lide was completely inhibited in the KFL cultures spiked with
chloramphenicol, vancomycin, BES, molybdate, or heating at
80°C for 30 min in the KFL cultures (Table 1). The 4-MCPH
detected in all samples was carried over from the dechlorina-
tion products present in the 5% (vol/vol) transferred inocula.
SO4

2� or NO3
� made the fthalide dechlorination slower, and

Fe(OH)3 completely inhibited the fthalide dechlorination in
the KFL culture.

Microbial community analysis based on 16S rRNA genes.
The succession of microbial communities in the KFL cultures
during transfer was determined by PCR-DGGE targeted to the
domain Bacteria (Fig. 3). The microbial community structure

FIG. 1. Dechlorination of fthalide by the KFL culture supplemented with 20 mM lactate. (A) Changes in the concentrations of fthalide and its
dechlorinated metabolites. (B) Lactate and the transformed organic acids. (C) Gaseous metabolites. (D) Total cell counts. The data are averages
and standard deviations of determinations from three different culture bottles, independently prepared in parallel. See Materials and Methods for
the abbreviations of the chemicals. �, 4,5-DCPH was tentatively quantified using the calibration curve for 4,7-DCPH, because no chemical standard
is available.

FIG. 2. Possible pathways by which fthalide is dechlorinated in the
KFL culture.
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changed dramatically during the first four transfers. The earlier
transferred cultures were too diverse to identify the dominant
bacteria because of the carryover from the soil. However, after
the fifth transfer, the microbial community became relatively
stable, with minor changes in the subsequent incubations. Two
major fragments, A and B, always appeared in the KFL culture
and disappeared in the nonfthalide culture, which had been
transferred twice without fthalide (“�F” culture shown in Fig.
3). These two major bands were regarded as the major bacteria
dependent for growth on the dechlorination of fthalide. The
two bands A and B had 94.9% and 95.9% similarity to the 16S
rRNA sequence of Dehalobacter restrictus strains PER-K23
(15) and TEA (32), respectively, in the phylum Firmicutes,
their closest relatives, which have previously been isolated as
bacteria that dechlorinate tetrachloroethene.

To obtain the nearly complete sequences of the 16S rRNA
genes of the dominant bacteria in the KFL culture, two clone
libraries were constructed using 16S rRNA gene fragments

amplified from the KFL cultures incubated with and without
fthalide (corresponding to lanes 12 and “�F,” respectively, in
Fig. 3). Fifty clones from each culture (100 clones in total)
were isolated and were classified into eight phylotypes based
on their RFLP patterns: two phylotypes (phylotype 1 and phy-
lotype 2) of the genus Dehalobacter, five phylotypes of Clos-
tridium sp., and one phylotype of Sedimentibacter sp. (Table 2).
Phylotype 1 and phylotype 2 only appeared in the KFL culture
supplemented with fthalide and had 100% similarities to the
sequences of DGGE bands B and A, respectively. According to
these results, bacteria corresponding to phylotype 1 and phy-
lotype 2 grew on the dechlorination of fthalide in the KFL
culture. Phylotype 1 and phylotype 2 were designated FTH1
and FTH2, respectively, to easily distinguish the bacteria that
dechlorinate fthalide in this study. The closest relative of FTH1
and FTH2 is Dehalobacter restrictus TEA (32), with which they
shared 16S rRNA gene similarities of 97.5% and 97.3%, re-
spectively. FTH1 and FTH2 are themselves 99.0% similar. No
fragment was observed in the PCR amplification targeting De-
halococcoides sp. using DNAs extracted from the KFL culture,
although the positive control yielded amplicons of the expected
size (data not shown).

Population dynamics of phylotypes FTH1 and FTH2 in the
KFL culture. The relative proportions of FTH1 and FTH2 in
the total bacterial 16S rRNA of the KFL culture showed sim-
ilar dynamics and were about 1% at days 0 and 1 and increased
to about 30% at days 4 to 9, corresponding to 2.3 � 105 cells
ml�1 at day 0 to 8.3 � 107 cells ml�1 at day 9 for FTH1 and
2.3 � 105 cells ml�1 at day 0 to 7.1 � 107 cells ml�1 at day 9
for FTH2 (Fig. 4). The population dynamics of FTH1 and
FTH2 correlate well with the dechlorination activity deter-
mined from the calculated amount of chloride released from
fthalide (Fig. 4). The r2 linear correlation coefficients between
the calculated amount of chloride released from fthalide and
the populations of FTH1 and FTH2 were 0.79 and 0.74, re-
spectively, although the correlation with the total counts of
DAPI-stained cells was 0.19 (data not shown). These results
clearly indicate that the growth of FTH1 and FTH2 depends
on the dechlorination of fthalide.

DISCUSSION

In this study, fthalide dechlorination and the involvement of
novel phylotypes FTH1 and FTH2 of the genus Dehalobacter

TABLE 1. Effects of inhibitory treatments and electron acceptors on fthalide dechlorination in KFL cultures

Treatment
Concn (mol liter�1) of:

Fthalide 4,6,7-TCPH 4,7-DCPH 4,5-DCPH 4-MCPH

None 0.6 � 0.9 0.0 � 0.1 3.2 � 0.1 0.3 � 0.4 98 � 3.3
Autoclave 71 � 22 0.0 � 0.0 0.0 � 0.0 0.5 � 0.8 8.0 � 2.2
Heating at 80°C (30 min) 50 � 16 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 2.5 � 2.9
Chloramphenicol 44 � 4.6 0.7 � 1.0 0.7 � 1.1 0.0 � 0.0 4.6 � 0.1
Vancomycin 45 � 1.7 0.25 � 0.36 0.44 � 0.63 0.27 � 0.39 4.4 � 0.66
Molybdate 44 � 11 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 4.7 � 7.0
BES 55 � 26 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 5.5 � 1.0
Ampicillin 39 � 10 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 12 � 1.0
NO3 29 � 6.7 12 � 1.8 19 � 4.8 4.8 � 5.3 7.3 � 1.7
SO4 20 � 1.0 13 � 4.8 30 � 5.8 7.6 � 5.3 11 � 1.7
Fe(III) 39 � 9.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 6.0 � 1.9

FIG. 3. DGGE fragment patterns of the 16S rRNA genes, targeted
to the domain Bacteria, amplified from the total DNAs of the KFL
cultures during the sequential transfer of the cultures. The number
given on each DGGE pattern is the number of transfers. “�F” indi-
cates a culture transferred twice without fthalide, produced using the
10th transferred KFL culture as the inoculum. Bands A and B were
cloned and sequenced.
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were demonstrated in a sequentially transferred culture of
paddy soil. The pathway of fthalide dechlorination in the KFL
culture was the same as that in the paddy soil or in the trans-
ferred cultures containing formate, acetate, or butyrate and
was almost identical to that previously reported in compost, in
which fthalide was dechlorinated to 4,7-DCPH and a minor

4-MCPH component via the 4,6,7-TCPH products (28). How-
ever, it differs from the pathway observed in soil, which de-
chlorinates fthalide to 4,6-DCPH via 4,6,7-TCPH (16). No
oxidation or thiomethylation of fthalide was observed in the
original paddy soil or the KFL culture, although they have
been observed in compost at different stages of maturation
(28). The disappearance of the fthalide dechlorination from
the transferred culture containing butyrate, acetate, or formate
was probably caused by a lack of hydrogen production or trace
nutrients. The deficiency of hydrogen probably also occurred
in the KFL culture with 5 mM lactate, because most of the
lactate was converted to propionate without the production of
hydrogen in the KFL culture.

Bacteria corresponding to the phylotypes FTH1 and FTH2
of Dehalobacter spp. grew in the KFL culture using fthalide.
Dehalobacter spp. are known obligate halorespiring bacteria,
which only grow with the reductive dechlorination of chlori-
nated compounds, as do Dehalococcoides spp. In the genus
Dehalobacter, three strains have been isolated: D. restrictus
strain PER-K23 (15) and D. restrictus strain TEA (32), which
grow on the dechlorination of tetrachloroethene and trichlo-
roethene; and Dehalobacter sp. strain TCA1 (25), which grows
on the dechlorination of 1,1,2-trichloroethane and 1,1-dichlo-
roethane. There have been no reports of the capacities of
isolates of Dehalobacter spp. to dechlorinate chlorinated aro-
matic compounds. Recently, Dehalocobacter spp. were de-
tected in a sediment culture containing Dehalococcoides sp. as
the dominant bacteria that dechlorinated 2,3,4,5-tetrachloro-
biphenyl (2,3,4,5-TeCB) (33). The KFL culture also dechlori-
nated 2,3,4,5-TeCB (data not shown) but did not contain
Dehalococcoides spp. and the “o-17/DF-1 group,” known dechlo-
rinators of PCBs. These results suggested the involvement of
Dehalobacter spp. in the dechlorination of PCBs, although
other dechlorinators that could grow independently on fthalide
dechlorination or existed as minor populations were possibly
missed in this study. Fthalide may be a good alternative with

TABLE 2. Phylogenetic identification of phylotypes detected in 16S rRNA gene clone libraries constructed from the 12th KFL cultures
incubated with and without fthalide

Phylotype
Frequency (%)a

Closest relative Similarity (%) Accession no.
�F �F

1 44 0.0 Dehalobacter restrictus TEA 97.5 U84497

2 12 0.0 Dehalobacter restrictus TEA 97.3 U84497

3 12 10 Sedimentibacter sp. strain C7 97.4 AY766466
Sedimentibacter saalensis ZF2T 96.5 AJ404680

4 6.0 42 Uncultured bacterium TANB101 99.5 AY667266
Clostridium hemolyticum DSM 5565T 96.1 Y18173

5 24 6.0 Clostridium pascui DSM 10365T 93.7 X96736

6 0.0 30 Uncultured bacterium IB-18 99.0 AJ488078
Clostridium methylpentosum DSM 5476T 90.9 Y18181

7 2.0 8.0 Clostridium propionicum DSM 1682T 96.9 X77841

8 0.0 4.0 Uncultured bacterium Ac051 94.9 AY336985
Clostridium aldrichii DSM 6159T 89.5 X71846

a �F, fthalide-containing culture; �F, culture not containing fthalide.

FIG. 4. Population dynamics of Dehalobacter sp. phylotypes FTH1
and FTH2 in the KFL culture. (A) The amount of chloride released
from fthalide was calculated from the concentration of the dechlori-
nated products of fthalide. (B) The total cell count was determined by
directly counting the DAPI-stained cells, and the populations of FTH1
and FTH2 were estimated using total cell counts and the proportions
of FTH1 and FTH2 in the total bacterial 16S rRNA genes, assuming
that the copy number of the rRNA gene per genome was 1.
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which to enrich bacteria that dechlorinate PCBs because of its
aromatic structure and higher solubility in water (10 �M).

Microbial community analysis of the KFL culture revealed a
predominance of Clostridium sp. and Sedimentibacter sp., to-
gether with FTH1 and FTH2. The KFL culture required pep-
tone for the fthalide dechlorination when the cultures were
supplemented with hydrogen but not with lactate. Dehalobacter
restrictus strain PER-K23 is reported to require arginine,
histidine, and threonine for growth (15). These results sug-
gest that Clostridium sp. and Sedimentibacter sp. present
with Dehalobacter sp. in the KFL culture probably supply
hydrogen and the trace nutrients essential for the growth of
Dehalobacter sp.

In conclusion, we obtained a soil-free enrichment culture of
bacteria that dechlorinate fthalide from a paddy soil and for
the first time demonstrated that Dehalobacter sp. grows on a
chlorinated aromatic compound, fthalide.
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